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Microscale  Li[Lio.i9Ni0.i6Coo.o8Mn0.57]02  powders  with  a  high  tap  density  were  synthesized  using 
[Nio.2Coo.1Mno.7jOx  precursor  with  a  unique  microstructure  via  coprecipitation  in  flowing  air.  The  syn¬ 
thesized  Li[Lio.i9Ni0.i6Coo.o8Mn0.57]02  powders  were  composed  of  spherical  nanosized  primary  particles, 
which  results  in  a  high  tap  density  due  to  the  high  packing  of  the  spherical  primary  particles.  When  used 
as  electrode  in  a  lithium  cell,  Li[Lio.i9Nio.i6Coo.o8Mn0.57]02  exhibits  a  very  high  gravimetric  capacity  of 
263  mAh  g_1  and  a  volumetric  capacity  of  956  mAh  cm-3,  as  well  as  an  excellent  rate  capability  deliver¬ 
ing  a  discharge  capacity  of  202  mAh  g_1  at  a  2  C-rate.  TEM  analysis  together  with  SEM  observations  show 
that  the  electrochemical  performance  of  the  Li[Lio.i9Ni0.i6Coo.o8Mno.57]02  electrode  is  primarily  governed 
by  its  microstructure. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  exhaustion  of  natural  resources  along  with  environmental 
concerns  of  greenhouse  gas  emissions  has  led  to  significant  devel¬ 
opment  of  lithium-ion  batteries  for  plug-in  hybrid  vehicle  (PHEV) 
and  electric  vehicle  (EV)  applications.  However,  commercializa¬ 
tion  of  these  batteries  in  automobiles  requires  further  increases 
of  their  energy  density  and  cycle  life  as  well  as  cost  reductions. 
The  most  promising  cathode  materials  for  automotive  applica¬ 
tions  are  Ni-rich  Li[Nii_xMx]02  (x<0.2)  compounds,  which  can 
deliver  a  capacity  of  200  mAh  g-1  and  are  relatively  cheap  [1,2]. 
However,  a  couple  of  candidate  materials,  Li[Nio.8Co0.i5Al0  .05 1^2 
and  Li[Ni0.8Co0.iMn0.i]O2,  have  shown  poor  thermal  stabilities 
due  to  the  release  of  oxygen,  which  oxidizes  the  organic  elec¬ 
trolyte  and  thus,  leads  to  severe  thermal  runaway,  thus  increasing 
the  safety  hazard  of  the  cell  [3-5].  Some  studies  have  been  con¬ 
ducted  to  develop  new  high-capacity  cathode  materials  meeting 
the  energy  requirements  for  PHEV  and  EV  applications  [6,7].  Cur¬ 
rently,  a  composite  material  containing  spinel  Li-Mn-0  and  layered 
Li-Ni-Mn-0  is  being  used  for  the  practical  automobile  applica¬ 
tions  because  the  composite  exhibits  a  relatively  stable  thermal 
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stability  even  though  its  resulting  capacity  is  smaller  than  that  of 
Li[Ni1_xMx]02  [8-10]. 

Recently,  Li-rich  layered  oxides  with  composite  structures 
(xLi2Mn03(l  -x)LiM02,  M  =  Ni,  Co,  Mn,  etc.. . .)  have  been  exten¬ 
sively  studied  as  promising  cathode  materials  in  high  energy  batter¬ 
ies  for  transportation  applications  [11-14].  These  materials  deliver 
a  very  high  discharge  capacity  of 240-280  mAh  g-1  between  2.0  and 
4.8  V.  However,  there  are  still  several  major  issues  to  be  resolved 
including  their  (i)  poor  rate  capability,  (ii)  large  irreversible  capac¬ 
ity  at  the  1st  cycle,  (iii)  significant  discharge  voltage  decrease 
upon  cycling,  and  (iv)  low  powder  tap  density.  Although  the  poor 
rate  capability  and  the  1st  cycle  irreversible  capacity  have  been 
improved  by  surface  modification  of  the  cathode  with  AIF3,  AIPO4, 
and  A1203  coating  [15-17],  there  have  been  only  a  few  studies  aim¬ 
ing  to  obtain  an  increase  in  the  powder  tap  density  [  1 8-20].  As  well 
known,  the  tap  density  of  an  active  material  has  a  key  practical 
importance  since  it  reflects  in  the  value  of  its  volumetric  capacity. 

In  this  paper,  we  report  a  microscale  oxide- 
Li[Lio.i9Nio.i6Coo.o8Mno.57]02  electrode  material  prepared  by 
an  optimized  synthesis  procedure  via  co-precipitation  in  flowing 
air  using  a  [Nio.2Co0.iMn0.7]Ox  precursor.  We  show  that  this 
electrode  has  a  very  high  tap  density  and  excellent  electrochemical 
properties  when  cycled  in  a  lithium  cell. 

2.  Experimental 

Hydroxide  [Ni0.2Coo.iMn0.7](OH)2  and  oxide  [Ni0.2Coo.iMn0.7] 
Ox  precursors  were  synthesized  by  a  coprecipitation  method. 
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Fig.  1.  X-ray  diffraction  patterns  of  the  [Nio.2Coo.iMno.7](OH)2  and 
[Nio.2Coo.1Mno.7JOx  powders. 


An  aqueous  solution  containing  NiS04-6H20,  CoS04-7H20,  and 
MnS04-5H20  at  a  concentration  of  2.0  mol  dm-3  was  pumped  into 
a  continuously  stirring  tank  reactor  (CSTR)  with  a  capacity  of  4  L.  At 
the  same  time,  a  2.0  mol  dm-3  NaOH  solution  and  a  desired  amount 
of  a  NH4OH  solution  were  also  seperately  fed  into  the  reactor. 
Inside  the  reactor,  an  atmosphere  of  flowing  nitrogen  and  air  was 
used  for  the  synthesis  of  the  hydroxide  [Nio.2Co0.iMn0.7](OH)2  and 
oxide  [Ni0.2Co0.i  Mn0j  ]Ox,  respectively.  The  detailed  synthetic  pro¬ 
cedures  are  described  in  our  previous  papers  [21,22].  The  mixture 
of  precursor  hydroxide  (or  oxide)  with  LiOH  H20  was  preheated 
at  500  °C  for  5h  and  calcined  at  900  °C  for  10  h  in  air  to  obtain 
crystalline  Li[Lio.igNio.i6Coo.o8Mno.57]02. 

The  chemical  compositions  of  the  resulting  powders  were 
analyzed  by  atomic  absorption  spectroscopy  (AAS,  Vario  6,  Ana- 
lyticjena).  The  crystalline  phases  of  the  synthesized  products  were 
characterized  by  powder  X-ray  diffraction  (XRD,  Rint-2000,  Rigaku) 
measurements  using  Cu  Ka  radiation.  The  particle  morphologies  of 
the  powders  were  evaluated  using  scanning  electron  microscopy 
(SEM,  JSM  6400,  JEOL)  and  transmission  electron  microscopy  (TEM, 
JEOL,  2010).  The  surface  areas  of  the  powders  were  measured  by 


Fig.  2.  SEM  images  of  the  (a)  [Nio.2Coo.iMno.7](OH)2  and  (b)  [Nio.2Coo.1Mno.7JOx  powders. 


Fig.  3.  Cross-sectional  SEM  images  of  [Nio.2Coo.iMno.7](OH)2  at  (a)  low  and  (b)  high  magnifications,  and  [Nio.2Coo.1Mno.7JOx  at  (c)  low  and  (d)  at  high  magnifications. 
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Fig.  4.  X-ray  diffraction  patterns  of  the  (a)  hydroxide-Li[Lio.igNio.i6Coo.o8Mno.57]02 
and  (b)  oxide-Li[Lio.igNio.i6Coo.o8Mn0.57]02  powders. 

nitrogen  adsorption  using  the  Brunauer-Emmett-Teller  method 
(AS1-A4,  Quantachrome). 

The  electrochemical  performances  of  the  synthesized  cathodes 
were  assessed  using  a  2032  coin-type  cell.  The  cell  consisted 
of  a  cathode  and  a  lithium  metal  anode  separated  by  a  porous 
polypropylene  film.  The  electrodes  consisted  of  a  mixture  of 
the  prepared  powder,  carbon  black,  and  polyvinylidene  fluoride 
(85:7.5:7.5  wt.%)  in  N-methyl-2-pyrrolidone.The  slurry  was  spread 
onto  aluminum  foil  and  dried  in  a  vacuum  oven  at  1 1 0  °C.  The  load¬ 
ing  of  the  electrodes  was  in  average  of  6  mg  cm-2.  The  electrolyte 
used  was  1  M  LiPF6  in  a  3:7  mixture,  by  volume,  of  ethylene  car¬ 
bonate  (EC)  and  dimethyl  carbonate  (DMC)  (PANAX  ETEC  Co.,  Ltd, 
Korea). 

3.  Results  and  discussion 

The  quality  of  any  cathode  material  strongly  depends  on  its 
synthesis  procedure.  Hydroxide  coprecipitation  is  a  very  well 
known  and  effective  method  used  to  synthesize  lithium  transi¬ 
tion  metal  oxides  with  high  purity  [21  ].  Recently,  we  reported  the 
synthesis  of  spherical  xLi2Mn03-yLi[Ni1/3Co1/3Mn1/3]02-zLiNi02 
powders  (0.48  < x  <  0.60, 0.32  <y  <  0.40,  and  0.0  <z  <  0.2)  powders 
by  a  hydroxide  coprecipitation  method  [19].  The  powders  pro¬ 
duced  by  the  hydroxide  process  possess  good  homogeneity  with 
a  well  defined  chemical  composition  and  spherical  morphology. 
However,  it  is  difficult  to  synthesize  Li-rich  (or  Mn-rich)  layered 
materials  with  a  high  tap  density  by  hydroxide  coprecipitation 
because  Mn(OH)2  has  an  inherently  plate-shaped  morphology, 


which  is  resistant  to  tighter  packing  of  the  primary  particles, 
and  is  readily  oxidized  or  decomposed  during  the  coprecipi¬ 
tation  reaction.  Recently,  we  successfully  synthesized  spherical 
Lii  05 Mo.o5 Mnj  g O4  (M  =  Ni,  Mg,  Al)  spinel  oxides  using  a  spherical 
(M-Mn)304  precursor  via  co-precipitation  [22]. 

In  this  work,  we  have  further  optimized  the  synthe¬ 
sis  procedure  to  obtain  micro-sized  (5  |jim),  secondary 
Li[Lio.i9Nio.i6Coo.o8Mn0.57]02  particles  (hereafter  referred  to 
as  oxide)  composed  of  nano-sized  primary  particles  (100  nm) 
using  [Nio.2Coo.1Mno.7JOx  precursor  via  coprecipitation  in 
flowing  air.  For  comparison,  we  also  synthesized  the  same 
Li[Lio.i9Ni0.i6Coo.o8Mn0.57]02  material  (hereafter  referred  to 
as  hydroxide),  using  Ni0.2Co0.iMn0.7(OH)2  and  a  conventional 
hydroxide  process. 

The  average  chemical  compositions  of  the  two  as- 
prepared  materials  were  nearly  identical,  determined  by 
AAS  to  be  Li[Lio.igNio.i6Coo.o8Mno.57]02  by  AAS.  Fig.  1 
shows  the  X-ray  diffraction  patterns  of  the  [Ni0.2Co0.iMn0.7] 
(OH)2  and  [Ni0.2Co0.iMn0.7]Ox  precursors.  The  prepared 
[Nio.2Co0.iMn0.7](OH)2  has  the  typical  crystalline  structure  of 
layered  M(OH)2  [23].  On  the  contrary,  [Ni0.2Co0.iMn0.7]Ox  has  a 
low  mixed  oxide  and  hydroxide  crystalline  structure.  The  SEM 
images  of  Fig.  2a  and  b  shows  that  the  [Ni0.2Co0.iMn0.7](OH)2  and 
[Nio.2Coo.1Mno.7JOx  materials  have  both  a  spherical  morphology 
with  average  particle  diameters  around  5-6  pan.  However,  the 
[Nio.2Co0.iMn0.7](OH)2  precursor  particles  are  composed  of  long 
rectangular  primary  particles  due  to  the  inherent  plate-type  shape 
of  Mn(OH)2,  which  pills  loosely  to  form  a  slightly,  quasi-spherical 
structure.  On  the  contrary,  the  [Ni0.2Co0.iMn0.7]Ox  particles  con¬ 
sist  of  nano-sized  spherical  primary  particles.  It  is  noted  that 
the  [Ni0.2Coo.iMn0.7](OH)x  precursor  has  a  powder  tap  density 
of  1.2  gcc-1  while  that  of  the  [Nio.2Coo.1Mno.7JOx  precursor  is 
considerably  higher,  i.e.,  1 .5  g  cc-1 . 

Fig.  3  shows  the  cross-sectional  images  of  the 
[Ni0.2Coo.iMno.7](OH)2  and  [Nio.2Co0.iMno.7]Ox  particles  pre¬ 
pared  by  a  focused  ion  beam  cut.  Clearly,  numerous  pores  are 
revealed  by  the  magnified  SEM  image  of  the  [Ni0.2Co0.i  Mn0j  ](OH)2 
particles,  showing  that  the  pores  are  formed  within  the  loosely 
agglomerated  long  rectangular  primary  particles  (Fig.  3b);  hence, 
the  low  powder  tap  density  of  the  [Nio.2Co0.iMn0.7](OH)2  precur¬ 
sor.  On  the  contrary,  the  [Ni0.2Co0.iMn0.7]Ox  secondary  particles 
are  closely  piled  with  fine  spherical  primary  particles  resulting  in 
a  much  less  porous  structure  and  finally  in  a  higher  tap  density 
(Fig.  3d).  Indeed,  the  tap  density  of  these  electrode  materials 
has  been  measured  to  be  1.92  gcc-1  and  their  BET  surface  area 
1.73  m2  g-1. 

Fig.  4  shows  the  XRD  patterns  with  the  Miller  indices  of  the 
two  Li[Lio.igNio.i6Coo.o8Mn0.57]02  powders.  All  of  the  diffraction 


Fig.  5.  SEM  images  of  the  (a)  hydroxide-Li[Lio.i9Nio.i6Coo.o8Mn0.57]OH2  and  (b)  oxide-Li[Lio.i9Nio.i6Coo.o8Mno.57]02  powders. 
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Number  of  cycles 

Fig.  6.  Comparison  of  the  initial  charge  and  discharge  curves  of  the  hydroxide- 
Li[Lio.19Nio.i6Coo.o8Mno.57]02  and  oxide-Li[Lio.i9Nio.i6Co0.o8Mno.57]02  powders:  (a) 
gravimetric  capacity,  (b)  volumetric  capacity,  and  (c)  cycling  response.  Voltage 
range:  2.0-4.6V.  Rate:  20mAg-1.  Room  temperature. 


peaks  can  be  indexed  based  on  a  hexagonal  a-NaFe02  structure 
with  a  space  group  of  R3m  except  for  the  weak  peaks  present 
between  20  and  25°.  These  peaks  are  characteristic  of  a  com¬ 
plex  Li2Mn03-LiM02  phase,  resulting  from  the  ordering  of  metal 
ions  (Li,  Ni,  and  Mn)  and  the  existence  of  a  Li2Mn03  phase  [24]. 
Another  observation  in  the  XRD  patterns  is  the  clear  splitting  of  the 
(006)/(0 1  2)  and  (0 1  8)/(l  1  0)  peaks,  indicating  that  the  material 
has  a  well  organized  layered  structure. 


0  50  100  150  200  250  300 


Fig.  7.  Comparison  of  the  discharge  curves  of  the  (a)  hydroxide- 
Li[Li0.i9Nio.i6Coo.o8Mno.57]02  and  (b)  oxide-Li[Lio.i9Ni0.i6Coo.o8Mn0.57]02  powders 
as  a  function  of  the  C-rate.  Voltage  range:  2.0-4.6  V.  Room  temperature. 


Regardless  to  the  negligible  difference  in  their  chemical  com¬ 
position  and  crystalline  phases,  there  is  an  obvious  difference 
in  the  primary  particle  sizes  and  the  tap  densities  of  the 
two  materials.  Fig.  5  shows  SEM  images  of  the  two  lithiated 
Li[Lio.i9Nio.i6Coo.o8Mno.57]02  powders.  As  expected,  the  spheri¬ 
cal  and  the  average  particle  diameter  of  the  precursors  were 
retained  after  calcination  at  high  temperature.  In  particular, 
Fig.  5a  shows  that  the  size  of  the  primary  particles  of  the 
hydroxide-Li[Li0.i9Ni0.i6Co0.08Mn0.57]O2  is  larger  and  that  these 
particles  are  agglomerated  more  closely  than  in  the  case  of 
[Nio.2Co0.iMn0.7](OH)2  (compare  Fig.  5b);  however,  many  voids 
among  the  primary  particles  within  the  spherical  secondary  par¬ 
ticles  are  still  present.  On  the  contrary,  the  spherically-shaped 
oxide-Li[Li0.i9Ni0.i6Coo.o8Mn0.57]02  particles  are  composed  of 
closely  piled,  nano-sized  primary  particles  with  diameters  of  about 
200  nm  (Fig.  5b)  and  this  explains  why  the  tap  density  of  the  oxide- 
Li[Lio.i9Nioii6Coo.o8Mnoi57]02  powders  is  much  higher  than  that 
of  the  hydroxide-Li[Lio.i9Nio.i6Co0.o8Mn0.57]02  powders,  namely 
1.95  gcc-1  versus  1.52  g  cc-1.  As  expected,  the  BET  surface  area 
of  the  oxide-Li[Li0.i9Nio.i6Coo.o8Mn0.57]02  is  lower  than  that  of 
the  hydroxide-Li[Lio.i9Ni0.i6Coo.o8Mno.57]02»  namely  1.73 m2g-1 
versus  2.35  m2  g-1. 

The  electrochemical  performances  of  both  hydroxide-  and 
oxide-Li[Li0.i9Ni0.i6Coo.o8Mn0.57]02  powders  were  determined 
by  standard  tests  performed  with  a  R2032  coin-type  half¬ 
cell  employing  Li  metal  as  the  negative  electrode.  Fig.  6a 
compares  the  initial  charge-discharge  voltage  profiles  of  the 
two  Li[Lio.i9Ni0.i6Coo.o8Mno.57]02  electrodes  based  on  their 
specific  gravimetric  capacity.  Both  electrodes  show  two  dis¬ 
tinguishable  voltage  regions  in  the  course  of  the  charge 
process.  The  first  charging  capacity  of  110  mAh  g-1,  observed 
below  4.45  V,  is  associated  with  the  Ni 2+l4+  oxidation  reac¬ 
tion,  which  is  consistent  with  the  theoretical  capacity  of 
112  mAh g-1  based  on  0.53  Li[Ni0.38Co0.i9Mn0.44]O2  0.47  Li2Mn03 
(or  Li[Li0.i9Ni0.i6Co0.08Mn0.57]O2)-  The  electrodes  exhibit  then 
a  voltage  plateau  around  4.5  V,  which  is  associated  with  the 
simultaneous  removal  of  Li+  and  O2-  (as  Li20)  from  the 


H.-J.  Kim  et  al.  /  Journal  of  Power  Sources  203  (2012)  115-120 


119 


Fig.  8.  High  resolution  TEM  images  of  the  (a)  hydroxide-Li[Lio.i9Nio.i6Co0.o8Mn0.57]02  and  (b)  oxide-Li[Lio.i9Ni0.i6Coo.o8Mn0.57]02  powders. 


U2M11O3  component  [25-28].  The  observed  discharge  capacities 
of  the  hydroxide  and  oxide-Li[Li0.i9Ni0.i6Co0.o8lVIno.57]02  elec¬ 
trodes  were  247  and  263  mAh  g-1,  respectively.  Based  on  their 
respective  densities,  the  gravimetric  capacities  were  converted 
into  volumetric  capacities  and  the  respective  voltage  curves  are 
shown  in  Fig.  6b.  The  volumetric  capacity  delivered  by  the  oxide- 
Li[Lio.i9Ni0.i6Coo.o8Mno.57]02  electrode,  i.e.,  955.6  mAh  cm-3  is,  at 
the  same  0.1  C-rate,  1.3  times  higher  than  that  of  the  hydroxide- 
Li[Li0.i9Nio.i6Co0.o8lVInoi57]02,  i.e.,  735.7  mAh  cm-3.  This  capacity 
difference  is  a  direct  consequence  of  the  difference  in  the  tap 
density  of  the  two  electrodes.  Finally,  although  with  consistent 
differences  in  the  values  of  the  capacity  delivery,  both  electrodes 
showed  good  cycling  response,  with  capacity  retentions  of  95%  after 
30  cycles,  see  Fig.  6c. 

Fig.  7  compares  the  discharge  profiles  of  the  Li/hydroxide- 
and  of  Li/oxide-Li[Li0.i9Nio.i6Co0.o8lVIno.57]02  cells  as  a  func¬ 
tion  of  the  C-rate  between  2.0  and  4.6  V.  For  this  test, 
the  cells  were  charged  galvanostatically  at  a  0.1  C-rate  and 
then  discharged  at  C-rates  ranging  from  0.1  to  5C-rates 
(20-1000  mAg-1).  It  can  be  clearly  observed  that  the  capac¬ 
ity  delivery  of  the  oxide-Li[Li0.i9Nio.i6Co0.o8lVIno.57]02  electrode 
is  higher  at  all  C-rates.  For  example,  at  2  C-rate  the  capacity 
of  the  oxide-Li[Lio.i9Nio.i6Coo.o8lVIno.57]02  electrode  amounts  to 
202mAhg_1  versus  the  169mAhg_1  obtained  by  the  hydroxide- 
Li[Lio.i9Nio.i6Coo.o8Mno.57]02  electrode. 

The  difference  in  electrochemical  performance  is  further 
explained  by  examining  the  microstructures  of  the  two  materials. 
Fig.  8  shows  bright-held  TEM  images  of  the  hydroxide-  and  oxide- 
Li[Lio.i9Ni0.i6Coo.o8Mno.57]02  particles.  Fig.  8a  reveals  that  the 
primary  particles  of  the  hydroxide-Li[Li0u9Niou6Coo.o8Mno  .57 ]®2 
sample  have  an  average  size  of  1  p,m  with  a  sharp  rectan¬ 
gular  shape,  with  associated  irregular  morphology  resulting 
in  poor  electrochemical  performances.  In  contrast,  the  oxide- 
Li[Lio.i9Ni0.i6Coo.o8Mno.57]02  consists  of  much  finer  primary 
spherical  particles  whose  sizes  ranges  from  100  to  200  nm,  see 
Fig.  8b.  The  nano-size  of  the  primary  particles  reduces  the 
lithium  diffusion  pathway,  so  greatly  increasing  the  rate  capa¬ 
bility  of  the  electrode.  Despite  the  structural  transition,  there  is 
no  substantial  difference  in  the  microscopic  particle  morphology 
of  the  as-precipitated  [Nio.2Coo.1Mno.7lO*  precursor  and  that  of 
oxide-Li[Li0.i9Nio.i6Co0.o8lVIno.57]02,  which  indicates  that  lithium 
is  readily  incorporated  into  the  primary  structure. 


4.  Conclusions 

In  this  paper  we  report  the  physical  and  electrochemical  char¬ 
acteristics  of  a  microscale  Li[Lio.i9Ni0.i6Coo.o8Mn0.57]02  electrode 
prepared  by  an  optimizing  synthesis  procedure.  We  show  that  this 
electrode  material,  composed  of  spherical  primary  particles,  has  a 
higher  packing  density  than  parent  Li[Li0.i9Ni0.i6Coo.o8Mn0.57]OFl2 
hydroxide  materials  formed  by  irregular  primary  particles.  This 
difference  is  explaining  by  considering  that  spherical  particles 
have  a  reduced  contacting  interface  among  the  primary  parti¬ 
cles  and  thus,  few  vacancies  in  their  packing  structure.  Flence, 
the  oxide-Li[Li0.i9Nio.i6Co0.o8lVIno.57]02  electrode  is  characterized 
by  an  unusually  high  tap  density  that  reflects  in  an  enhanced 
rate  capability  and  volumetric  energy  density  when  cycled  in 
a  lithium  cell.  For  all  these  properties,  we  believe  that  the 
Li[Lio.i9Nio.i6Co0.o8Mn0.57]02  electrode  here  reported  is  of  definite 
interest  for  the  lithium  battery  community. 
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